Engraftment of allogeneic bone marrow (BM) has been shown to induce tolerance to organs genotypically matched with the BM donor. Immune reconstitution after BM transplantation therefore involves re-establishment of a T cell pool tolerant to antigens present on both donor and host tissues. However, how hematopoietic grafts exert their influence over the regenerating immune system is not completely understood. Prior studies suggest that education of the newly arising T cell pool involves distinct contributions from donor and host stromal elements. Specifically, negative selection is thought to be mediated primarily by donor BM-derived antigen-presenting cells, whereas positive selection is dictated by radio-resistant host-derived thymic stromal cells. In this report we studied the effect of highly purified allogeneic hematopoietic stem cells (HSCs) on organ transplantation tolerance induction and immune reconstitution. In contrast to engraftment of BM that results in near-complete donor T cell chimerism, HSC engraftment results in mixed T cell chimerism. Nonetheless we observed that HSC grafts induce tolerance to donor-matched neonatal heart grafts, and one way the HSC grafts alter host immune responses is via deletion of newly arising donor as well as radiation-resistant host T cells. Furthermore, using an in vivo assay of graft rejection to study positive selection we made the unexpected observation that T cells in chimeric mice rejected grafts only in the context of the donor MHC type. These latter findings conflict with the conventionally held view that radio-resistant host elements primarily dictate positive selection.
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bone marrow transplantation ͉ MHC restriction ͉ mice T ransplantation of allogeneic bone marrow (BM) is known to alter immune responses in recipients so that tolerance is established to tissues matched with the genotype of the BM donors (1) (2) (3) . Thus, the process of regeneration of the hematopoietic system involves the re-establishment of parameters that identify self-from nonself-antigens. The way in which BM grafts affect these changes is not completely understood. However, because T cells control antigen-specific immune responses the pathways that lead to regeneration of the peripheral T cell pool are central to immune reconstitution. T cell development after BM transplantation (BMT) is thought to recapitulate normal T cell ontogeny, which begins with the migration of BM-derived hematopoietic stem cells (HSCs) or more differentiated progenitors to the thymus (4) . Within the thymus, under the influence of a specialized stromal microenvironment, progenitor T cells expand, differentiate, and undergo the rigorous processes of positive and negative selection (5) (6) (7) (8) . Positive selection results in survival of T cells with antigen receptors that corecognize self-MHC molecules plus foreign peptides. T cells whose receptors do not detect self-MHC molecules die, presumably by failure to receive critical differentiating signals. Negative selection involves the removal of potentially autoreactive T cells that interact too well with self-MHC molecules plus self-peptides.
Classic BM and thymus grafting studies by Zinkernagel et al. (9) and Bevan and Fink (10, 11) showed that the radio-resistant elements in the host thymus dictate MHC restriction of killer T cells. They proposed, and many experiments followed to support, the notion that these positively selecting elements in the thymus are epithelial cells (5, 6, 8) . Subsequent studies refined these observations by tracking T cell development via expression of V␤ type or expression of a single transgenic T cell receptor and showed that both CD8 ϩ and CD4 ϩ T cells are likely to be positively selected on a subpopulation of epithelial cells located in the thymic cortex (5, 6, 8) . In contrast, negative selection primarily is mediated by BM-derived antigen-presenting cells (APCs) (7, 12, 13) . The absoluteness with which these stromal components dictate the selection processes continues to be challenged by discordant observations (14) (15) (16) (17) . In the setting of an MHC-mismatched allogeneic BMT, this schema of T cell selection predicts that the resultant host will be immunodeficient, insofar as the developing cells will be educated in the thymus to respond to antigens in the context of host MHC type, but will encounter BM-derived APCs in the periphery with the donor MHC type.
In the studies presented here we examined the issues of tolerance induction and immune reconstitution after transplantation of highly purified MHC-disparate HSCs in mice. HSCs are devoid of contaminating differentiated cell populations and thus, unlike most radiation BM chimeras, the effects of the donated immune system that arises from the HSC grafts are solely the result of de novo hematopoiesis. The HSCtransplanted mice also differ from BM chimeras because the former retain a significant proportion of radio-resistant host T cells (18) . We found that HSCs induce tolerance to donormatched organs and that such grafts can mediate negative selection of both developing donor T cells and residual T cells from the host. Furthermore, we made the unexpected observation that analysis of MHC restriction by an in vivo assay suggests that in chimeric mice the donor, not the host-type MHC, predominates in controlling heart graft rejection, a measure of T cell responsiveness. These studies, and the studies by Zinkernagel and Althage (17) , reopen the issues of how, where, and on which cell types developing T cells learn MHC restriction and suggest that immunoincompetence in the post-BMT setting, a known clinical problem, is not completely explained by disparity between the MHC type of the donor versus the host. HSC Purification. Purified HSCs were obtained by modification of the methods described by Spangrude et al. (19) . BM cells were positively selected for Sca-1 by using the MiniMACS͞Midi-MACS separation system (Miltenyi Biotech, Auburn, CA). The protocol was modified in January 1999 by the use of c-Kit instead of Sca-1 as the positively selecting marker. The c-Kit-enriched fraction was stained with FITC-conjugated ␣-Thy1.1 (19xE5), Texas red-conjugated ␣-Sca-1 (E13-161), allophycocyaninconjugated ␣-c-Kit (2B8), and a mixture of phycoerythrinconjugated lineage-specific mAbs as follows: HSCs and BMT. Recipient mice were conditioned for transplantation using split-dose lethal irradiation. BALB͞c mice received 800 cGy and C57BL͞Ka mice received 920 cGy delivered in two fractions. Some mice were conditioned for transplantation by using antibodies directed against natural killer determinants (␣-AsialoGM1; Wako Chemical, Dallas, TX) and͞or mAbs directed against the CD40 ligand (␣-GP39) (a gift from R. Noelle, Dartmouth Medical School, Hanover, NH). HSCs or BM were injected by tail vein into mice within 24 h after irradiation.
Materials and Methods
␣-B220 (6B2), ␣-CD3 mAb (145-2C11), ␣-CD5 (53-7.8), ␣-CD4 (GK-1.5), ␣-CD8 (53-6.7), GR-1 (8C5), ␣-Mac-1 (M1͞70),
Analysis of Peripheral Blood for Chimerism and Detection of V␤ ؉
Subsets. Hematolymphoid chimerism was assessed by two-color immunofluorescence of peripheral blood leukocytes at Ϸ6 weeks after HSC transplantation and subsequently every 2-4 months to assess graft stability. Donor versus host cells were differentiated by mAbs specific for the MHC class I of donor mice (H-2 b or H-2 k ) and double-stained with lineage-specific markers for B cells (␣-B220, RA3-6B2), T cells (␣-Thy-1.1 versus ␣-Thy-1.2, clones Ox-7 and 53-2.1, respectively), monocytes (␣-Mac-1, M1͞70.15), or granulocytes (␣-GR.1, 8C5). Flow cytometry analysis was performed as described (18) .
In selected mice the peripheral blood leukocytes were analyzed by FACS for the V␤3
, or V␤8 ϩ (KJ16) subsets using biotin-conjugated ␣-V␤ mAbs and secondstep labeling with streptavidin-FITC. The samples were doublestained with phycoerythrin-conjugated ␣-CD4 (H129-19) or phycoerythrin-conjugated ␣-CD3 (145-2C11). All mAb reagents were obtained from PharMingen except ␣-Mac-1, ␣-H-2 b , and ␣-V␤8 ϩ , which were obtained from Caltag (Burlingame, CA).
Intrapinna Neonatal Cardiac Transplants. Newborn heart grafts were transplanted into the pinna of the ear of adult mice as described by Judd and Trentin (20) . Donors were newborn mice 1-24 h old. Donor hearts from newborn mice were placed into the ear, and graft viability was assessed visually and by ECG activity. 
Antibody Response to Sheep Red Blood Cells (SRBCs).
Hemolysin assays against SRBCs were performed as described (21) . Mice were injected i.v. with 200 l of a solution of 2.5% SRBCs in PBS, and serum was obtained by tail vein bleeding on day 9 postimmunization. Hemolysin titering was performed in 96-well Ubottom plates (Falcon, Becton Dickinson Labware). Each well received 25 l of PBS, 25 l of 1% SRBC solution, and 25 l of titered serum, followed by a 30-min incubation at room temperature. A 1͞16 dilution of guinea pig complement adsorbed with SRBCs was added followed by a 30-min incubation at 37°C. Data given as days ϫ number. *Animal died from anesthesia.
† Graft infected.
Titers were read as the last tube with evidence of hemolysis as shown by decreased ''button'' size and increased red color of clear fluid.
Results
Purified HSC Grafts Induce Tolerance to Donor-Matched Heart Grafts.
We previously established protocols to achieve long-term engraftment of purified HSCs transplanted across MHC barriers in mice (18) . In the current studies chimeric BALB͞c mice (H-2 d ) that were engrafted Ͼ2 months previously with MHC-disparate (BA) HSCs were transplanted with neonatal heart grafts genotypically matched with donor and host strain mice. Both donor and host-type grafts survived indefinitely (Ͼ100 days) ( Table 1 and concurrent experiments reported elsewhere) (22) . As controls, chimeric mice were challenged with third-party MHCdisparate grafts from C3H (H-2 k ) neonatal donors. Survival of third-party grafts was only slightly prolonged in chimeric mice as compared with control BALB͞c mice, and all were rejected within 20 days. Other controls included BALB͞c mice that received heart grafts from BALB͞c or BA neonates. Grafts were rejected within 11-15 days (Table 1 ). In addition, chimeric BALB͞c mice engrafted with BM from BA donors were similarly tolerant to donor and host strain neonatal heart grafts and rejected third-party C3H strain grafts although one of four did not reject the C3H graft. These data demonstrate that purified allogeneic HSC grafts can induce long-term tolerance to subsequently transplanted donor-matched heart grafts, and HSC recipients respond to third-party MHC-disparate grafts.
Chimerism Analysis of HSC-Engrafted Mice. Donor hematopoietic cell chimerism in HSC-and BM-transplanted mice was assessed at Ϸ6 week postengraftment by FACS analysis of peripheral blood leukocytes. We observed that the HSC-transplanted mice were near-complete chimeras (Ͼ95%) in all white blood cell lineages except for the T lymphocytes. Table 2 shows the percent donor chimerism for T and B cells only. The results obtained for the macrophage and granulocytes lineages (data not shown) were similar to the B cell chimerism data. In HSC-transplanted mice, residual host Thy-1.2 ϩ cells remained in the peripheral blood and comprised Ϸ30-40% of the total Thy-1 ϩ population. The presence of significant numbers of residual host T cells is in contrast to mice transplanted with unmanipulated allogeneic BM that had significantly reduced residual host T cells. As we previously described, the likely explanation for this observation is that a nonstem cell population, presumably CD8 ϩ cells, mediate an immune response that results in elimination of most residual host T cells (18, 23) . Taken together with the neonatal heart graft data, the HSC chimeric mice were tolerant to donor alloantigens although they retained a significant proportion of host-derived T cells.
Purified HSC Grafts Mediate Negative Selection of Donor and Host T
Cells. The effect of purified HSC grafts on T cell negative selection was studied by using mouse strain combinations with informative differences in endogenous superantigen expression. These differences allowed us to monitor deletion of donorversus host-derived T cells. Donor strain AKR (H-2 k ) mice have integrated in their genome mouse mammary tumor virus proviruses including Mtv-7, which induces deletion of the V␤6 subset, and others (24, 25) T cells were presumably a radiation-resistant postthymic population, and thus the results suggest that HSC grafts mediate deletion of both newly arising and mature peripheral T cells. V␤8 staining was used as a positive control and was present in chimeric mice at levels comparable to control mice. Reciprocal HSC transplantations using BA as donors and AKR mice as recipients demonstrated that radio-resistant host elements also mediate negative selection (Table 3) .
To confirm these findings we studied T cell deletion in a strain combination where both donor and host are known to delete different V␤ subsets. Donors were AKR (H- Control BA 100 (n ϭ 1) 100 (n ϭ 1) Control BALB͞c 0 ( n ϭ 1) 0 (n ϭ 1) BA HSC into BALB͞c 6 3 Ϯ 3.8 (n ϭ 3) 100 (n ϭ 3) BA BM into BALB͞c 9 5 Ϯ 4.0 (n ϭ 3) 97 Ϯ 3.8 (n ϭ 3)
Values are expressed as mean Ϯ SD. ) dendritic cells also were found at low levels in the thymuses of the chimeras (Fig.  1B) ; the epithelial versus hematolymphoid origin of these cells is unknown. Staining for donor (Thy-1.1) and host-derived (Thy-1.2) thymocytes also showed a predominance of donortype cells, although residual host thymocytes were seen to persist even 4-6 months after lethal irradiation and HSC transplantation ( Fig. 1 C and D) .
Table 3. V␤ deletion of donor-and host-derived peripheral T cells
Experimental group % V␤6 ϩ CD3 ϩ % V␤6 ϩ CD4 ϩ % V␤8 ϩ CD3 ϩ % V␤8 ϩ CD4 ϩ
Progeny of Allogeneic HSCs Mediate Positive Selection.
To determine the functionally predominant MHC type after HSC transplantation, long-term chimeras (BA into BALB͞c) were challenged with neonatal heart grafts that were matched at the MHC loci of either the donor or host strain but that differed in background minor histocompatibility (mH) genes. Graft function was assessed by visual inspection and ECG analysis. DBA. H-2 d ) grafts. Furthermore, the times to rejection of C3H.SW grafts were greatly prolonged because most of these grafts were rejected between 50 and 100 days posttransplantation (Table 5 ). Selected mice were killed 7-12 weeks posttransplantation for histologic analysis of neonatal heart grafts. The morphologic evidence agreed with the functional data and showed intact myocardium with minimal mononuclear cell infiltrates in the DBA.2 grafts, whereas the CSH.SW grafts had decreased amounts of myocardial tissue with high levels of mononuclear and T cell infiltration (Fig. 2) .
It was possible that the impaired ability of chimeric mice to recognize and reject mH-mismatched grafts was caused by the HSC transplant procedure itself rather than unique aspects of immune reconstitution after an allogeneic hematopoietic cell transplantation. Therefore, BA mice that had been engrafted Ͼ6 weeks previously with BA.CD45.1 congenic HSCs were tested for their ability to reject mH-mismatched C3H.SW neonatal heart grafts. All six of these mice rejected the C3H.SW grafts in 11-15 days (Table 5 ) and permanently accepted CD45 congenic grafts (data not shown). Taken together these data show that mice engrafted with MHC-disparate HSCs or BM slowly reject third-party heart grafts that are MHC-matched with the hematopoietic cell donor but do not reject grafts MHC-matched with the host. The results suggest that minor transplantation antigens are seen in the context of donor MHC type and thus MHC restriction, the outcome of thymic positive selection, is dictated in these chimeras by the hematopoietic graft.
In Vitro T Cell Proliferative Responses Are H-2 d Restricted, Whereas
Graft Rejection Is H-2 b Restricted. In vitro mixed lymphocyte reactions were performed to confirm that positive selection occurs on the MHC type of the stem cell donor rather than the host. Cells from the draining cervical lymph nodes from BA into BALB͞c chimeric mice that had been sensitized in vivo with C3H.SW and DBA.2 heart grafts were used as responders. Stimulator cells were BA, BALB͞c, C3H.SW, or DBA.2 spleno- cytes. As shown in Fig. 3 , all lymph node cells from chimeric mice made proliferative responses against DBA.2 splenocytes, but not against C3H.SW, BA, or BALB͞c splenocytes. It was also of interest that BM chimeras as compared with HSC chimeras had significantly reduced responses against DBA.2 splenocytes (P Ͻ 0.02). Thus, in contrast to the in vivo data, which suggest that the predominant restricting MHC type in the chimeric mice is donor-derived (H-2 b ), the in vitro data show the opposite and support the notion that the predominant restricting MHC element is derived from the host (H-2 d ). Thus, we conclude that assessment of T cell function by mixed lymphocyte reactions may not serve as an accurate surrogate assay for systemic T cell immunity as measured by heart graft rejection.
Allogeneic HSC Chimeras Can Mount Primary Antibody Responses to
SRBCs. The BA into BALB͞c HSC or BM chimeras efficiently rejected third-party MHC-disparate hearts but showed prolonged times to rejection of C3H.SW hearts and could not reject DBA.2 hearts. To study whether the blunted response to mHdisparate grafts revealed deficiencies in helper T cell generation and function, the T cell-dependent ability to produce antibodies to SRBCs was tested. Chimeric mice were immunized with SRBCs at Ͼ3 months posttransplantation. As shown in Table 6 the day 9 SRBC response in allogeneic HSC-transplanted mice was equivalent to unmanipulated control BALB͞c mice. In addition, mice transplanted with allogeneic BM had evidence of reduced titers to SRBCs as compared with HSC-transplanted (P Ͻ 0.07) and control mice (P Ͻ 0.05).
Discussion
In this report we studied whether purified allogeneic HSCs will induce tolerance to donor-matched solid organs and examined the way in which these grafts alter recipient immune responses. We determined that engraftment of MHC-mismatched HSCs did indeed induce tolerance to heart grafts when the graft was matched with the HSC donor, and that HSC chimeric mice were able to reject third-party MHC-mismatched grafts. The stem cell graft mediated negative selection of potentially donor reactive T cells. In fact, both donor and radio-resistant host elements mediated negative selection, because peripheral T cells in the chimeras were devoid of the V␤ subsets deleted in both donor and host strain mice.
In our studies wherein chimeric mice were challenged with heart grafts matched at the MHC of the donor versus the host, but differing with regard to mH antigens, we made the unexpected observation that only the grafts of the donor-type MHC were rejected, albeit slowly. This test of systemic T cell immunity can be interpreted as demonstrating that post-BMT the functional pool of T cells recognize minor antigens in the context of the MHC of the hematopoietic cell donor but not the host. These results conflict with the widely held view that positive selection of T cells occurs exclusively on the radio-resistant thymic epithelial cells of the host (5, (8) (9) (10) (11) . Recent studies by Zinkernagel et al. (17) and Zerrahn et al. (16) also have questioned the relative importance of the thymic epithelium in dictating positive selection, as compared with hematopoietic-derived cells. They demonstrated that responses measured by in vitro analysis can be restricted to the BM donor MHC type when BM from normal or T cell antigen receptor transgenic mice was transplanted into thymectomized nude or class I-deficient mice (16, 17) . Our studies show that in an in vivo assay of graft rejection the predominant MHC restricting element is from the donor hematopoietic cells.
In earlier studies (29, 30) CD4 T cell positive selection was proposed to be restricted mainly by radio-resistant thymic epithelial cells, whereas positive selection of CD8 ϩ T cells could be mediated in part by hematopoietic-derived cells. Using MHC class II-deficient mice to generate chimeras with tissue-selective expression of MHC class II, Markowitz et al. (30) found that CD4 ϩ cells developed only when class II MHC molecules were expressed on radio-resistant thymic cells. In contrast, Bix and Raulet (14) showed that positive selection of CD8 ϩ T cells can occur on class I-expressing hematopoietic cells, although the efficiency appeared to be substantially lower than with class I-positive resident thymic cells. Our own data demonstrate an interesting dichotomy. In vitro analysis of HSC chimera lymph node cells by mixed lymphocyte reactions-an assay that is mainly CD4 T cell-driven-showed proliferative responses only against minor antigens presented by the host type MHC; whereas as noted above, organ rejection occurred only if the minor antigens were presented by the HSC donor type MHC. Because the neonatal heart grafts were replete with resident APCs these differences are not explainable by the lack of APCs in the in vivo versus the in vitro assay. One explanation for the in vitro T cell proliferative response against DBA.2 splenocytes is that this strain expresses the Mtv-7 superantigen, whereas none of the other strains used as stimulators express this antigen and therefore have not deleted Mtv-7 in vitro reactive cells. Although it is also conceivable that residual BALB͞c radioresistant T cells directly recognize and are responsible for the rejection of H-2 b C3H.SW heart grafts, such cells would have to recognize minor C3H.SW antigens as well, because the vast majority of blood cells are H-2 b (BA). The HSC chimeric mice can reject third-party MHC-disparate heart grafts and mount antibody responses against SRBCs. However, the delay or absence of responses against mH antigens demonstrates the degree to which these mice are immunodeficient. It has been argued that such mice will be immunodeficient because of the genotypic disparity between the donor and host cell populations responsible for negative and positive selection, respectively. However, as discussed above, we and others have shown that hematopoietic-derived elements direct both positive and negative selection and in some circumstances may be the primary mediators of T cell selection. Zinkernagel and Althage (17) have proposed that the thymic environment provides a milieu that supports T cell differentiation and receptor expression of young thymocytes, whereas hematopoietic cells dictate T cell specificity. Thus, a central issue requiring further examination is to determine whether the long-term immunodeficiency after allogeneic hematopoietic cell transplantation can be entirely explained by inefficiencies in positive selection or if other factors lead to impairment of T cell responses. These other factors include T cell education in a small and compromised thymus, blunted T cell responses caused by extra-thymic development, or a T cell regenerative process that favors negative selection. Here we also observed that chimeras receiving allogeneic BM versus HSCs were relatively more immunodeficient as judged by the mixed lymphocyte reactions assay and the response to SRBCs. Because the vast majority of cells in BM are not HSCs, it is possible that populations contained in the BM inoculum exerts an additional immunosuppressive effect (e.g., subclinical graft-vs.-host disease) (31) . The experience with human allogeneic BMT argues that MHC mismatch alone is not the only cause for long-term immunodeficiency in the posttransplantation setting. The vast majority of BMT patients receive grafts from HLA identical donors, yet are highly susceptible to infectious complications even after the graft is established and in the absence of confounding factors such as pharmacologic immunosuppression or clinically evident graft-vs.-host disease (32, 33) .
Finally, our studies directly address issues in clinical solid organ transplantation. Donor organs are a limited resource and thus for patients receiving cadaver grafts there is little or no matching of HLA antigens. The approach of using BM to induce tolerance to donated organs has been a theoretical possibility for decades; however, its application to clinical practice has been limited by the risks of the allogeneic BMT procedure (33) . The largest risk has been graft-vs.-host disease, which is caused by T cells that accompany an unmanipulated BM graft. The technologies of cell purification (34-36) now have provided ways to transplant highly purified stem cell grafts devoid of the graft-vs.-host disease-inducing cell populations. We showed here that purified HSCs tolerize the recipient to donor-matched organs. We anticipate that in the future trials of organ tolerance induction using purified hematopoietic grafts will be performed. In our view, the remaining obstacle will be understanding and perhaps manipulating immune reconstitution in the posttransplant setting. Based on our data we believe that it is critical to study this issue in animals and follow their responses to pathogens with in vivo readouts to accurately predict the effect that manipulations of the hematopoietic system will have on transplant patients.
